Introduction
Improper compaction during the construction is an important contributor to early deterioration of asphalt pavements (Commuri and Zaman, 2006; HAPI, 2003; Maher et al., 2001 ). Not achieving the desired density during compaction can result in potholes, excessive rutting, cracking and other signs of failure. An accurate measurement of density in the field can be obtained by extracting cores from the completed pavement. While density measured from the core is an accurate representation of the compaction quality at a given location, this method may not provide an indication of the quality of the overall pavement. Also, coring locations are susceptible to distress through moisture intrusion. So, it is desirable to keep the number of cores to a minimum (Hughes, 1984; Sherocman, 1984; Scherocman and Martenson, 1984) .
A non-destructive approach used frequently involves measurement of density using a nuclear density gauge. A nuclear gauge contains a small amount of a radioactive isotope that emits gamma radiation (HAPI, 2003) . When the radiation is incident on the asphalt pavement, part of the radiation is reflected from the top surface while the rest propagates through the asphalt mat. A portion of the radiation that travels through the mat gets scattered back as it encounters different layers of the asphalt pavement and the subgrade.
The percentage of backscattered radiation along with the thickness of the asphalt mat can be used to predict the compaction density. Nuclear density gauges require special training and license for their use and have accuracy of about 4.05 lb/ft 3 (0.065 g/cm 3 ) (Burati and Elzoghi, 1987; Sebesta et al., 2005) . Another device used to measure density in the field is the PQI 301 non-nuclear density gauge from Pavement Technology Inc (PTI, 2005) . This device works on the premise that the electrical property of the asphalt is related to its density and has a level of accuracy of about 2.56 lb/ft 3 (0.041 g/cm 3 ) (Sebesta et al. 2005 ).
While the nuclear density gauge and PQI 301 gauge provide density of the compacted asphalt mat at discrete points, multiple readings have to be taken at each location and then averaged in order to provide a more accurate assessment of density. This further slows down the quality control process.
The design of an Intelligent Asphalt Compaction Analyzer (IACA) that can predict the level of compaction of an asphalt specimen in real time is presented in this paper. The IACA is based on the hypothesis that a vibratory compactor and the Hot Mix Asphalt (HMA) form a coupled system which produces characteristic vibrations during compaction. These vibration frequencies are analyzed and their relationship to the properties of the asphalt mat is studied. This relationship is used to design and train a neural network for predicting the density of the HMA mat during compaction. Laboratory studies using an Asphalt Vibratory Compactor (AVC) are first conducted to validate the proposed technique. The results show that the vibrations of the compactor are influenced not only by the density of the HMA, but also by the mix type, lift thickness, and the compaction equipment used. The neural network is shown to have the ability to classify the features extracted from the vibration signals as those corresponding to specific densities of the asphalt mat. Further, the generalization capabilities of the neural network enable it to provide reasonable density predictions when presented with data different from the set used to train the network. The vibration data collected from a compactor during field compaction indicates that the proposed approach can be extended for continuously predicting the density of an asphalt pavement in the field during construction.
Background and related work

Background
The importance of good construction practices and quality assurance in the field for achieving the desired levels of compaction is well understood. However, the lack of adequate tools for ensuring the compacted density has been a problem for the paving industry and the Department of Transportation (DOT) in various states. Several researchers have tried to develop techniques for continuous measurements of density of a HMA pavement during construction. Intelligent compaction is the process of continuously determining the density of the soil or asphalt during compaction in real-time by studying the response characteristics of the compaction equipment (Adam and Kopf, 2000) .
Research in intelligent compaction traces back to over thirty years. In recent years, it has seen significant interest and applications, both in the academia and the industry.
The behavior of the HMA under load conditions is dependent of the properties of the individual components and of the volumetric composition of the mix. In mechanisticempirical design of HMA pavements, the response of the pavement e.g., deflections, stresses, and strains within the pavement structure (including HMA layers), is computed and these responses are used to predict the amount of rutting and cracking. For linear visco-elastic materials, such as HMA mixtures, the stress-strain relationship under a continuous sinusoidal loading is defined by its complex dynamic modulus ( ) The "dynamic modulus" is defined as the absolute value of the complex modulus, i.e. It can be seen from equation (2) While the research in intelligent compaction was successful to some extent in determining the relationships between measured quantities and density, these methods are difficult to implement in the field. The primary reason for the lack of success is that many of the previous studies focused on determining a set of measured values that would be indicative of density under all conditions. Unfortunately, there are many factors in the field such as the characteristics of the compactor, subgrade characteristics, and mix properties that cannot be adequately taken into consideration in the calculations. These parameters can cause significant variations in the vibratory response of a compactor making these techniques inaccurate for most practical applications. Therefore, successful intelligent compaction techniques must be able to take into account the important process parameters in the computation or prediction of the HMA density. In the following section, an experimental setup is described that will be used to study the variations in the vibrations of the compactor as a function of different parameters affecting compaction of asphalt mixes. and has capabilities that allow designing and testing systems using real data. Furthermore, models created in Simulink can be compiled to run in real time on different hardware platforms.
Experimental setup
Related work
The objective of compaction is to increase the density of the asphalt mix so that the frequencies, but exhibited the spectral distribution similar to that seen when the HMA mix was originally compacted (Figure 2) . Thus, the power spectrum represents the characteristic of the material being compacted and the vibratory compactor. While it is difficult to estimate the density based on the relationship between the harmonic content of the vibratory signal as attempted in the literature, it is reliable to compare the vibrations of the compactor with those obtained when the mat has been compacted to the specified density. While the actual magnitude of the vibrations at different frequencies is different in Figure 2 and Figure 3 , the location of the frequencies where the energy is distributed is consistent. Thus, all other parameters being the same, the observed vibrations appear to primarily depend on the density of the compacted specimen. Since the operational parameters are different for different compactors and also vary from job to job, the analyzer should be designed in such a manner as to take these into consideration during the prediction process. These observations are used in the design of the compaction analyzer for predicting the density achieved during the compaction process. The smearing of the signal after 72 seconds in Figure 2 (b) and 3(b) is due to the motion of the AVC, as it comes to rest on completion of the compaction process. Figure 4 shows the spectrum of the vibrations of an Ingersoll-Rand DD-130 dualdrum vibrating compactor during the construction of a HMA pavement. These vibrations were measured using a 5g tri-axial accelerometer mounted on the frame of the steel drum.
In Figure 4 , the power spectrum of the vibrations is shown for three passes over the same stretch of an asphalt pavement under construction. It can be seen from the spectrograms that the vibration response of the compactor is muted when compacting loose mix that is typically encountered during the first pass of compaction (Figure 4(a) ). During the second pass over the same stretch of the pavement, the stiffness of the mat is increased due to the compaction. As a result, the frequency response of the 'compactor -asphalt mat' coupled system is different (Figure 4(b) ). Specifically, the vibration energy is concentrated in bands of frequencies; the locations and power content of these bands are indicative of the level of compaction achieved. In the third pass of the compactor over the same stretch, these features are more pronounced as can be seen in Figure 4 (c). The location and magnitude of these vibrations are a function of the properties of the coupled system. The progression of compaction in both these cases, namely using the AVC and vibratory compactors in the field, is the motivation for using the AVC in the laboratory to study the effect of different process parameters on the density achieved during compaction. 
Experimental procedure
The analysis of the compaction results in the previous section shows that the primary vibrations of the AVC are in the range of 0 Hz to 800 Hz. Therefore, a sampling rate of 2000 Hz is chosen so that the fundamental frequency and its harmonics can be sampled without any appreciable distortion. As noted earlier, the development of the compaction analyzer is based on the hypothesis that the features extracted from the vibration signal of a compactor are sufficient and reliable to determine the level of densification achieved during the compaction process. The following steps are used to achieve this goal:
• Read the signals from the instrumented compactor and filter the signals to eliminate noise and other undesirable quantities.
• Perform a Fast Fourier Transform (FFT) on the data from the accelerometer and determine the power (in decibels) of the signal at different frequencies. Extract the key features of the signals, i.e. frequencies and the corresponding power.
• Compare the extracted features with the features corresponding to a set of known densities.
• Calculate the predicted density based on the results from the previous step and the knowledge of the process parameters, i.e. mix type, mat temperature, type of compactor, etc.
The functional schematic of the compaction analyzer is shown in Figure 5 . Analyzer is discussed in the next section.
Design of the density prediction module
The density prediction module post-processes the output of the NN and predicts the degree of compaction achieved. Several tests were conducted in the laboratory using different mix types, lift thickness, compaction pressure, and the vibration data from each test was analyzed. The densities obtained during each of these tests are also measured after the compacted specimen is cooled and cored. The vibrations of the AVC in the final few seconds of compaction are considered representative of the density achieved at the end of the specific run. In the implementation, a total of 1020 data points were used to train the NN to estimate four different levels of compaction. This training data is presented to the NN in the form of a matrix containing 200 rows and 1020 columns. Thus, each column of the training pattern consists of the features extracted at an instant pertaining to a specific density. The density achieved is specified as the target output for the NN to achieve. The correlation between the density values and the NN output is established by running the vibration data obtained during these experiments through the feature extractor and the NN classifier and correlating this output with the densities obtained.
Validation of the compaction analyzer in the laboratory
The first step in the validation process is the determination of the important process parameters and their effect on the density achieved through compaction of the mix. A S3 type mix was used in this part of the study and compaction carried out for a range of design and operational parameters (see Table 1 ). From Table 1 Table 2 show that the density achieved after compaction is consistent over repeated trials. The density increases with compaction time, as expected. Tests were also conducted to study the effect of compaction pressure on the final density achieved (PR1-PR8 in Table 2 
Analysis of the vibrations of the AVC during compaction
While the results presented in Tables 2 and 3 The above analysis shows that while the vibration signatures are consistent for a given set of process parameters and compacted density, these signatures are different when the process parameters change. Thus, in order to predict the density based on the vibrations of the compactor, one has to account not only for the vibrations but also the design parameters during compaction.
Performance of the compaction analyzer in predicting density during compaction
The data gathered in the previous tests was analyzed to determine the key features of The ability of the compaction analyzer to predict the density was tested by manually shutting down the AVC when the analyzer indicated that the mix had reached the target density. The target densities were selected as the density of the specimen corresponding to the four regions that the NN was trained to recognize. Table 4 shows the density specified in each case and the density actually achieved during test runs. It is clear from these tests that the compaction analyzer can be used to predict the density of the mix during compaction in the laboratory. The results in Table 4 indicate that for a specified target density of 92%, the compacted specimen reached a mean density of 92.7% with a standard deviation of 0.304. 
Conclusions and Future Research
In this paper, the design and implementation of a neural network-based asphalt compaction analyzer was presented. The vibrations of the compactor during the compaction process were shown to depend on the density of the mat and the process parameters like mix type, lift thickness, mix temperature, etc. Data from laboratory and field experiments was used be presented in future publications. Currently, research is underway to automate the learning and density prediction process. Field calibration and testing is also underway to validate the performance under a wide variety of conditions. The use of such an intelligent compaction analyzer will significantly aid in the quality control process during the construction of a pavement and will result in long lasting and better quality roads while reducing the cost of construction and maintenance of this critical infrastructure.
